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Conformational

Introduction
Porphyrins are often described as the prime examples of macrocycles capable of coordinating almost any metal in the core. This and their binding by apoproteins are then taken as a basic rationale for their biological function at a molecular level. Further finetuning is achieved through the type of central metal and its axial ligation. 1 Additionally, the peripheral substituents modulate the porphyrin properties through electronic and conformational effects. Numerous studies have been performed on these conformational substituent effects, mainly investigated with highly substituted porphyrins, e.g., dodecasubstituted, nonplanar porphyrins, where a large number of residues resulted in steric congestion at the macrocycle periphery with attendant changes in structural and physicochemical properties. 2 At the other end of the spectrum are porphyrins with as few substituents as possible. 3 Only recently have advances in synthetic methodology made an entry in this field possible. 4, 5, 6, 7, 8 A typical example is the so-called A x -series of porphyrins (1-6, Fig. 1 ), where 0-4 meso substituents allow a detailed comparison of the electronic and structural effects of macrocycle substitution. In terms of physical characterization this has given rise to studies on the interrelationship of substituents and redox potential and, in materials chemistry, on the influence of the number and regiochemistry of meso substituents on the type and formation of differently sized nanospheres and nanorods. 9 They also allow the preparation of more unsymmetrical systems, e.g., the ABCD-type porphyrins, 5, 10 and studies on the effect of mixed types of substitution. While porphyrins with four (6) and two substituents in a 5,15-pattern (3) constitute materials widely used in porphyrin chemistry, the mono-(2) and 5,10-disubstituted (4) are only now beginning to be used in synthetic applications. 4, 6 With regard to structural chemistry, past studies have compared the 5,15-A 2 -and 5,10-A 2 regioisomers, 8, 11 and the influence of individual bulky meso substituents. 12 However, structural data are still scarce for meso monosubstituted porphyrins. Here we present the results of X-ray crystallographic studies on 5-substituted metalloporphyrins and aim to elucidate some key aspects and general trends of their structural chemistry identifying a unique type of intermolecular interactions for porphyrins. We are also presenting the first crystal structures of 5-substituted Zn(II) porphyrins and add to existing structures of 5-substituted Ni(II) porphyrin structures. 
Results and Discussion
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Metal complexes of the A -type free base porphyrins were prepared using standard reaction conditions 13, 14 and used for crystallization attempts. In addition, a few 5,15-A 2 metalloporphyrins were prepared as well. Within a given series, i.e. 5-or 5,15-disubstitution, their spectroscopic characteristics follow the trends observed for the related A 4 porphyrins. 15 For example, for the A-series Ni(II)2 the meso arylporphyrins exhibit Soret and long wavelength absorption bands at ~392 and 541 nm, while the primary and secondary alkylporphyrins show only a negligible shift of these absorption bands to 394 and 543 nm. However, the tBu derivative Ni(II)2c has significantly bathochromically shifted absorption bands at 404 and 567 nm, which is indicative for a distorted macrocycle in solution. View of the molecular structures of the compounds studied in the crystal. Thermal ellipsoids show 50 % probability. Hydrogen atoms and disordered positions have been omitted for clarity. Only one of the crystallographically independent molecules is shown for Zn(II)2f and Ni(II)h.
At first glance the structure of Ni(II)2a is that of a standard porphyrin. The average Ni-N bond length of 1.951(10) Å agrees will that of the respective A 4 -porphyrin Ni(II)6a
In line with earlier observations on meso monosubstituted 2,3,7,8,12,13,17,18-octaalkylporphyrins, 16 the C a -C m -C a bond angle for the substituted meso position is smaller [120.6(5)º] than the one of the unsubstituted positions (average bond angle = 123.8(5)º). Rough structural parameters, such as the average deviation of the 24 macrocycle atoms from their least-squares plane (24) show the porphyrin to be planar and the C m positions show no evidence for localized displacements (Table 1) . Ni(II)porphyrins which present less substituted meso-porphyrins often show no core contraction. Kozlowski et al. suggested that Ni(II)porphyrins occupy a d 8 singlet conformation resulting in eight electrons being doubly occupied manifold d-orbitals leaving the empty. 17 This results in a small core size in Ni(II)porphyrins. Both removal, creating of a low spin, and addition, occupying higher d-orbitals, of an electron results in an increase in the size of the metal core. As substitutions are made to the porphyrin macrocycle, electron density can be either contributed or removed from the ring resulting in changes to the contractions of the Ni(II) core. There are short contacts between the pyrrole ring and -hydrogen atoms on neighboring units in the range of 2.6-2.8 Å are present in the packing of the unit cell. However no interaction with the core seems to be present.
However, the crystal packing is unlike anything that we have ever seen in substituted porphyrins (Fig. 3) . Despite the short alkyl chain, the porphyrin forms parallel running arrays with the alkyl chains pointing towards each other and two porphyrin macrocycles forming the other side of the chains; a situation reminiscent of the lipidbilayer membranes in nature. There is no evidence of -interactions or aggregate formation in the crystal. The 4N-planes of neighboring molecules within a row of porphyrins are tilted against each other by 64.4º (Fig. 4) . The C b and C m hydrogen atoms on one molecule point towards the edge of a neighboring molecule. In fact, the packing is rather tight; e.g., the C m -H in one molecule is only separated by 2.97 Å from the C m atom in the next molecule. Hydrogen atoms have been omitted for clarity. Note, both disordered positions of the nbutyl residues are shown to illustrate the overall "space-filling" effect. The crystals of Ni(II)2e (space group C2/c, a = 50.84, b = 6.49, c = 11.63 Å,  = 90.95º, data not shown due to low resolution) are isomorphous to that of Ni(II)2a. Thus, exchange of a meso n-butyl chain for an 1-ethylpropyl residue does not alter the overall molecular arrangement or the conformational aspects.
Similarly, the structure of Zn(II)2e exhibits a planar macrocycle with 24 = 0.028 Å and a smaller C a -C m -C a bond angle for the substituted meso position (123.8º versus an average of 126.9º for the unsubstituted ones). The zinc center is tetracoordinated with an average Zn-N bond length of 2.047(2) Å similar to that of Zn(II)6f 2.043(5) Å. 18 The molecular packing (Fig. 5) is characterized by the formation of standard head-to-tail dimeric aggregates. 19 According to the classification given by Scheidt and Lee 1 the dimers are characterized by a center-to-center (Ct-Ct) distance of 5.114 Å, a mean-plane separation (MPS) of 3.07 Å and a slip angle (SA) of 53.1º. This give rise to a lateral shift (LS = [sin (SA) × Ct-Ct]) of 4.08 Å, which puts this structure into the "I" (intermediate) The relatively close mean-plane separation, as defined by the separation of the two 4N-planes, also gives results in short intermolecular contacts. Thus, the two neighboring zinc centers are separated by only 3.522 Å and each zinc center is "coordinated" by N4 from a neighboring molecule with a separation of 2.95 Å. As shown in Figure 5 neighboring dimers are orthogonal to each other with a close contact of 3.08 Å between Zn and H18A. The dimeric unit shows many close contacts, around 3.35 Å, between both porphyrin rings which stabilize the head-to-tail arrangement in the packing order. Other close contacts present are between  hydrogen atoms of one dimer and the nearest molecular unit with a distance of 2.35-2.84 Å. The final close contact is between H55a and H17a of the nearest molecular unit with a distance of 2.545 Å. Overall, these units of two dimers are arranged in parallel layers with the porphyrin macrocycle in the middle and the alkyl chains pointing outwards (not shown).
Compound Zn(II)2f formed crystals with three crystallographically independent porphyrins in the asymmetric unit. The core geometry about the zinc(II) centers is similar to that of other planar zinc(II) porphyrins with a tetracoordinated metal center. The average Zn-N bond length of 2.038 Å. This is comparable with earlier work conducted within the group on meso tetrasubstituted porphyrin Zn(II) complexes Zn(II)6c (2.014 Å) and (5,10,15,20-tetracyclohexylporphyrinato)zinc(II) (2.029 Å). 15c The three macrocycles are planar, although minor C m displacements are observed. Substitution of the 5-position with an aryl residue results in much smaller differences in the C a -C m -C a bond angles compared to the alkylporphyrins. The porphyrins are arranged in layers with the meso phenyl groups pointing outwards (not shown). This is the result of an unusual head-to-tail trimer formation in the crystal. Figure 6 illustrates how these units of three porphyrins function as the building blocks within one of the layers in the crystal. 15c The C a -C m -C a bond angles show a similar trend as observed in the other structures reported here, with the substituted position exhibiting a smaller angle. However, the difference between substituted and unsubstituted positions is somewhat smaller than observed in (5,15-diisopropylporphyrinato)nickel(II) (119º for the substituted position and 124º for the unsubstituted position). 20 The molecular packing of Ni(II)2h is characterized by the formation of rows of porphyrin arrays which are separated by the meso substituents (Fig. 7) . Chloroform molecules of solvation are located in the void between the porphyrin rows. The four porphyrins in the asymmetric unit are grouped in two pairs of -aggregated dimers which serve as the building blocks of the overall structure in the crystal (Fig. 8) . One dimer (Ni3, Ni4) is of the standard head-to-tail type and pertaining geometric parameters are MPS = 3.415 Å, Ct-Ct = 4.174 Å, SA = 45.1º giving a lateral shift of the metal centers of 2.95 Å. Intriguingly, the other 'dimer' (Ni1, Ni2) is of the head-to-head type with both meso residues pointing in the same direction. Here the two macrocycles are separated by 3.37 Å (MPS), have a Ct-Ct distance of 4.196 Å and a SA of 36.5 Å, resulting in a LS of 2.496 Å. Thus, despite the sterically more unfavorable head-to-head arrangement this aggregate is stronger than the head-to-tail one. A number of close intermolecular contacts were observed as well [Ni2-H114 3.135 Å, N9-H10 2.609 Å, N13-H10 3.144 Å, Ni1-H46 3.055 Å, C120-H82 2.767 Å, C108-H78 2.715 Å]. In comparison the two available structures for metal complexes of mono-tertbutylporphyrin exhibit more typical -stacked aggregates. 21 In the nickel(II) derivative Ni(II)2c, with one crystallographically independent molecule in the asymmetric unit, four 'dimers' fill the unit cell with the meso substituents offset by 90º against each other.
12a
The copper(II) derivative Cu(II)2c exhibits the standard head-to-tail formation of I-type aggregates.
12b
Here, the asymmetric unit contains two crystallographically independent molecules, which form -aggregates, which in turn themselves form -aggregates of Itype. Thus, here four porphyrin units form the main building blocks in the crystal.
All structures determined here exhibit a significant number of short non-bonding interactions and close contacts within the individual packing arrangements. E.g., compound Ni(II)2a presents with the majority of its short contacts being interactions between the -hydrogen atoms and the pyrrole rings at a distance of 2.89-2.29 Å. Zn(II)2e exhibits similar contacts with separations of 2.84-2.64 Å, Zn(II)2f shows contact distances of 2.88-2.66 Å and in Ni(II)2h there are interactions with a pyrrole ring of a neighboring macrocycle of 2.7-2.8 Å. -Hydrogen atoms can also be seen to interact with solvent chloroform molecules in Ni(II)2h with contacts distances of 2.94-2.87 Å. The 5-meso substituted unit also participates in short contacts within the crystal structure. For example, in Ni(II)2a close contacts between the butyl substituents in neighboring molecules are in the order of ~2.7 Å.
A rough inspection of the macrocycle structures using displacement parameters (Table 1) indicates that most of the 5-R-metalloporphyrins have a planar macrocycle. Only when the sterically highly demanding tert-butyl group is introduced do large deviations from planarity occur.
12 However, the presence of multiple porphyrins within some asymmetric units and the different packing arrangements prompted us to analyze the macrocycle conformations in more detail. This can only be done by the normalstructural decomposition which allows an identification and comparative analysis of individual distortions modes. For the out-of-plane distortions significant contributions are observed for the ruf (B 1u ) and sad (B 2u ) distortions modes, with minor contributions from doming (A 2u ) and wave (E g ) distortions. No measurable contribution for propellering (A 1u ) was observed in any compound. In terms of in-plane distortions a similar picture emerges. Here, strong A 1g (breathing), medium B 2g (meso-str), minor N-str (B 1g ) and noticeable E u (pyrtranslations), albeit no pyr-rotation (A 2g ), were found. Clearly the substituent pattern, i.e. A-type (2), gives rise to a unique mix of distortion modes. Overall, significant in-plane distortions are present, although not strong enough to give rise to a significant coreelongation. As expected the tert-butyl derivatives exhibit the largest contributions from each individual distortion mode, an indication of the steric strain imposed by the bulky residue. Still, Ni(II)2h exhibits a considerable contribution from ruf distortion, too, larger than the other sterically unhindered derivatives. However, overall the two Ni(II)porphyrin structures reported here show core-geometries similar to triclinic (2,3,7,8,12,13,17,18-octaethylporphyrinato)nickel(II) and (5,10,15,20-tetramethylporphyrinato)nickel(II), which are planar. 23 Significant ruffling becomes apparent only with secondary alkyl substituents, e.g., as indicated by the shorter average Ni-N bond length of 1.907(7) Å in Ni(II)4b. 
Conclusions
In conclusion, four new meso monosubstituted metalloporphyrins structures were investigated with X-ray diffraction. Typically substituted metalloporphyrins form headto-tail type -aggregates. 1, 19 Without meso substituents these aggregates can be quite strong and, as shown, can present a unique packing arrangement depending on the substituents involved. Within the four structures presented the 'blocking' of one side of the tetrapyrrole ring leaves three sides to participate in tighter packing arrangements (e.g., 
Experimental
General Information
General conditions and instrumentation were as described before. 10 All chemicals used were of analytical grade and purified before use. Dichloromethane was dried over phosphorous pentoxide followed by distillation; THF was dried over sodium followed by distillation. Silica gel 60 (Merck) was used for column chromatography. Analytical thinlayer chromatography (TLC) was carried out using silica gel 60 plates (fluorescence indicator F 254 ; Merck). Melting points are uncorrected and were measured with a Reichert Thermovar instrument. 1 H NMR spectra were recorded at frequencies of 250 (Bruker AM 270 instrument), 270 MHz (Bruker AM 270 instrument) or 500 MHz (Bruker AMX 500). Chemical shifts are given in ppm and referenced to the TMS signal as internal standard. The assignment of the signals was confirmed by 2D spectra (COSY, HMBC, HMQC) except for those porphyrins with low solubility. Electronic absorption spectra were recorded with a Specord S10 instrument (Zeiss) using CH 2 Cl 2 as solvent. Mass spectra were recorded using a Varian MAT 711 or MAT 112 S mass spectrometer using the EI technique with direct insertion probe and excitation energy of 80 eV. FAB spectra were recorded with CH-5 DF instrument from Varian.
Starting Materials
The free base porphyrins 2c-g, 3b and 3d-e were prepared as described previously by Ryppa et al. 4 The free base porphyrin 3f was prepared as previously described by Song et al. 14 and the free base 2h as described by Senge et al. 10 
Metallation Reactions
Nickel(II) and Copper(II) Insertion 13a
The free base porphyrin (1 equiv.) was dissolved in DMF (50 mL) and heated to reflux with the appropriate metal(II) acetate (ca. 10 equiv.). The reaction was monitored by TLC control and the solvent removed under reduced pressure. The residue was dissolved in CH 2 Cl 2 and the mixture filtered through silica gel, eluting with CH 2 Cl 2 . Finally, the solvent was removed under reduced pressure and the product dried in high vacuum.
Zinc(II) Insertion 13
The free base porphyrin (1 equiv.) and zinc(II) oxide (2-3 equiv.) or zinc(II) acetate (1.5 equiv.) was dissolved in CH 2 Cl 2 (50 mL) and treated with 3-5 drops of TFA. After stirring for 10 min the color of the reaction mixture changed from green to purple-red. The reaction was monitored by TLC control. The mixture was filtered through silica gel, eluting with CH 2 Cl 2 , followed by removal of the solvent reduced pressure. The product was dried in high vacuum.
Metalloporphyrins
{5-(tert-Butyl)porphyrinato}nickel(II) (Ni(II)2c)
The free base porphyrin H 2 2c (50 mg, 0.14 mmol) was reacted with nickel(II) acetate and the crude product purified via column chromatography on silica gel (CH 2 Cl 2 : n-hexane = 1 : 1, v/v) followed by recrystallization from CH 2 Cl 2 /MeOH. Yield: 57 mg (0.13 mmol, 98 %) of purple crystals. M.p.: >300 °C; R f = 0.75 (CH 2 Cl 2 : nhexane = 2 : 1, v/v, silica gel, 6 × 3 cm); 
{5(-tert-Butyl)porphyrinato}copper(II) (Cu(II)2c)
The free base porphyrin H 2 2c (58 mg, 0.16 mmol) was reacted with copper(II) acetate according to the standard procedure followed by recrystallization from CH 2 
{5-(tert-Butyl)porphyrinato}zinc(II) (Zn(II)2c)
The free base porphyrin H 2 2c (55 mg, 0.15 mmol) was reacted with zinc(II) oxide according to the standard procedure followed by recrystallization from CH 2 
(5-Hexylporphyrinato}nickel(II) (Ni(II)2d)
The free base porphyrin H 2 2d (42 mg, 0.11 mmol) was reacted with nickel(II) acetate and the crude product purified via column chromatography on silica gel (CH 2 Cl 2 : n-hexane = 1 : 1, v/v) followed by recrystallization from CH 2 Cl 2 /MeOH. 
(5-Hexylporphyrinato}copper(II) (Cu(II)2d)
The free base porphyrin H 2 2d (42 mg, 0.11 mmol) was reacted with copper(II) acetate according to the standard procedure followed by recrystallization from 
(5-Hexylporphyrinato}zinc(II) (Zn(II)2d)
The free base porphyrin H 2 2d (39 mg, 0.10 mmol) was reacted with zinc(II) oxide according to the standard procedure followed by column chromatography an silica (CH 2 Cl 2 : n-hexane 
{5-(1-Ethylpropyl)porphyrinato}nickel(II) (Ni(II)2e)
The free base porphyrin H 2 2e (16 mg, 0.04 mmol) was reacted with nickel(II) acetate and the crude product purified via column chromatography on silica gel (CH 2 Cl 2 : n-hexane = 2 : 1, v/v) followed by recrystallization from CH 2 Cl 2 /MeOH. 
{5-(1-Ethylpropyl)porphyrinato}copper(II) (Cu(II)2e)
The free base porphyrin H 2 2e (50 mg, 0.13 mmol) was reacted with copper(II) acetate according to the standard procedure followed by chromatography on silica gel (CH 2 Cl 2 : n-hexane = 1 : 1, v/v) and recrystallization from CH 2 Cl 2 /hexane: 51 mg (0. 
{5-(1-Ethylpropyl)porphyrinato}zinc(II) (Zn(II)2e)
The free base porphyrin H 2 2e (59 mg, 0.15 mmol) was reacted with zinc(II) oxide according to the standard procedure followed by column chromatography an silica (CH 2 Cl 2 : n-hexane = 1 : 1, v/v) and recrystallization from CH 2 Cl 2 /hexane. Yield: 46 mg (0.10 mmol, 68 %) of purple crystals. M.p.: 325 °C (dec.); R f = 0.64 (CH 2 Cl 2 : n-hexane 
(5-Phenylporphyrinato}nickel(II) (Ni(II)2f)
The free base porphyrin H 2 2f (50 mg, 0.11 mmol) was reacted with nickel(II) acetate following the general procedure. Purification involved recrystallization from CH 2 Cl 2 /MeOH. Yield: 21 mg (0.05 mmol, 37 %) of purple crystals. M.p.: >310 °C; R f 0.65 (CH 2 Cl 2 : n-hexane = 2 : 1, v/v, silica gel, 6 × 3 cm); 
(5-Phenylporphyrinato}copper(II) (Cu(II)2f)
The free base porphyrin H 2 2f (50 mg, 0.11 mmol) was reacted with copper(II) acetate following the general procedure. Purification involved recrystallization from 
(5-Phenylporphyrinato}zinc(II) (Zn(II)2f)
The free base porphyrin H 2 2f (48 mg, 0.12 mmol) was reacted with zinc oxide acetate following the general procedure. Purification involved recrystallization from 
{5-(4-Methoxyphenyl)porphyrinato}nickel(II) (Ni(II)2g)
{5-(4-Methoxyphenyl)porphyrinato}copper(II) (Cu(II)2g)
The free base porphyrin H 2 2g (47 mg, 0. 
{5-(4-Methoxyphenyl)porphyrinato}zinc(II) (Zn(II)2g)
The free base porphyrin H 2 2g (105 mg, 0. 
{5,15-Di(iso-butyl)porphyrinato}copper(II) (Cu(II)3b)
The free base porphyrin H 2 3b (60 mg, 0.14 mmol) was dissolved in dichloromethane (60 mL) and mixed with methanol (30 mL), water (3 drops) and copper acetate (79.2 mg, 0.44 mmol). The mixture was stirred at rt for 12 h followed by filtration through silica gel (CH 2 Cl 2 ). Column chromatography on silica gel (CH 2 Cl 2 : n-hexane = 1:2, v/v) gave a single product fraction, which yielded red crystals after recrystallization from CH 2 Cl 2 /MeOH. 
(5,15-Dihexylporphyrinato)nickel(II) (Ni(II)3d)
The free base porphyrin H 2 3d (35 mg, 0.07 mmol) was reacted with nickel(II) acetate and the crude product purified via column chromatography on silica gel (ethyl acetate : n-hexane = 1 : 4, v/v) followed by recrystallization from CH 2 
(5,15-Dihexylporphyrinato)copper(II) (Cu(II)3d)
The free base porphyrin H 2 3d (44 mg, 0.09 mmol) was reacted with copper(II) acetate and the crude product purified via column chromatography on silica gel (ethyl acetate : n-hexane = 1 : 4, v/v) followed by recrystallization from CH 2 Cl 2 /MeOH. 
(5,15-Dihexylporphyrinato)zinc(II) (Zn(II)3d)
The free base porphyrin H 2 3d (250 mg, 0.52 mmol) was reacted with zinc(II) acetate. The mixture was washed with several portions of water and the organic layer was dried over sodium sulfate and filtered. The solvent was removed under reduced pressure until crystals were formed which were recrystallization from CH 2 Cl 2 /MeOH. 
{5,15-Bis(1-ethylpropyl)porphyrinato}copper(II) (Cu(II)3e)
The free base porphyrin H 2 3e (50 mg, 0.12 mmol) was dissolved in dichloromethane (60 mL) and mixed with methanol (25 mL), water (3 drops) and copper acetate (67.5 mg, 0.37 mmol). The mixture was stirred at rt for 2 h followed by filtration through silica gel (CH 2 Cl 2 ). Recrystallization from CH 2 Cl 2 /MeOH gave red crystals. ). Other analytical data were as reported in the literature. 
Single crystal X-Ray structure determinations
Growth and handling of crystals followed the concept developed by Hope. 24 The intensities were corrected for Lorentz, polarization and absorption effects. Nonhydrogen atoms were refined with anisotropic thermal parameters, and hydrogen atoms were placed into geometrically calculated positions and refined using a riding model. The structures were solved with Direct Methods or Patterson synthesis using the SHELXL PLUS program system and refined against |F
